To enhance the electrochemical properties and structure stability of the Layered Li-rich Mn-based oxides, the Nb 5+ with different contents were doped into the Li1.20[Mn0.54Ni0.13Co0.13]O2 via using the carbonate co-precipitation method. The effect of the Nb 5+ doping modification on the microstructure, morphology and electrochemical properties of the Li1.20[Mn0.54Ni0.13Co0.13]O2 cathode have been investigated by the XRD, SEM, XPS, galvanostatic discharge-charge tests and electrochemical impedance spectroscopy (EIS) techniques. The results demonstrated the Nb 5+ doping not only could enhance the cation order degree, but also contributed to enhancing the Li + migration speed during cycling. The Li1.20[Mn0.54Ni0.13Co0.13]0.78Nb0.02O2 delivered about 20.6 mAh g -1 larger than that of the pristine one at 5C high rate. In addition, the Li1.20[Mn0.54Ni0.13Co0.13]0.78Nb0.02O2 retained a much higher discharge capacity retention of 92.5% after 100 cycles. Whereas, the pristine cathode showed only 85.7% of the capacity retention under identical conditions. These results indicated that Nb 5+ doping modification could effectively enhance the electrochemical properties of Li1.20[Mn0.54Ni0.13Co0.13]O2.
INTRODUCTION
Lithium ion batteries have been widely used in portable devices, energy storage devices and other fields [1, 2] . And with the development of electric vehicle and hybrid vehicle industry, the energy density of traditional cathode materials for lithium ion battery, such as layered LiCoO2 [3] , spinel LiMn2O4 [4] , olivine LiFePO4 [5] and layered LiMn1/3Ni1/3Co1/3O2 [6] , has been unable to meet the basic needs of this field. Therefore, to explore the outstanding performance cathode materials has become the innovation and research focus [7] [8] . Recently, the Layered Li-rich and Mn-based oxides have appealed to much attention owing to the high discharge capacity (>280 mAh g -1 ) and high energy density, which have been regarded as an attracted candidate cathode for the new generation of high capacity Li-ion batteries [9] [10] [11] .
However, the Layered Li-rich and Mn-based oxides have still presented some intrinsic drawbacks, including the large initial irreversible capacity loss, unsatisfactory discharge capacities at high rate and severe capacity degradation during cycling owing to the cation mixing between Ni 2+ and Li + [12] [13] [14] [15] . And many improving programs have demonstrated the ion doping can effectively reduce the mixing effect of cation [16] [17] [18] . Besides, J. Lee et al. have synthesized the Li2MnO3 cathode material via Nb 5+ and Fdoping, and the related results have been published on Nature in 2018 [19] . The Li2Mn2/3Nb1/3O2F cathode material demonstrated the outstanding electrochemical properties owing to the slightly structural change and oxygen loss of Li2Mn2/3Nb1/3O2F cathode during cycling. Inspired by the idea, the Layered Li-rich and Mn-based oxides 0.6Li2MnO3·0.4LiMn1/3Ni1/3Co1/3O2 (Li1.20[Mn0.54Ni0.13Co0.13]O2) doped by Nb 5+ may be a good choice to enhance the electrochemical performance.
In this paper, the Li1.20[Mn0.54Ni0.13Co0.13]0.8-xNbxO2 (x = 0, 0.01, 0.02, 0.03) were synthesized by carbonate co-precipitation method, followed by high temperature solid phase method. And the XRD, SEM, XPS and EIS measurements were used to identify the effect of Nb 5+ doping on the morphology and microstructure of cathode. Besides, the 1st coulombic efficiency, rate capacities, and cycling performance were also studied scientifically.
EXPERIMENTAL

Materials preparation
Firstly, [Mn0.54Ni0.13Co0.13](CO3)0.8 served as the precursor of Li1.20[Mn0.54Ni0.13Co0.13]0.8-xNbxO2 (x = 0, 0.01, 0.02, 0.03) was synthesized by a carbonate co-precipitation method [20] . The solution of NiSO4·6H2O, CoSO4·7H2O and MnSO4·H2O (in corresponding molar ratio of 0.54: 0.13: 0.13) was dropped into a continuous stirred tank reactor filled with N2. Meanwhile, the property amounts of Na2CO3 and NH3·H2O solution were respectively added into the mixed solution to control the pH value of the solution at 8.0. Lastly, the precipitate slurry was segregated, washed and dried at 100 ºC for 10 h to acquire [Mn0.54Ni0.13Co0.13](CO3)0.8.
To prepare the Li1.20[Mn0.54Ni0.13Co0.13]0.8-xNbxO2 (x = 0, 0.01, 0.02, 0.03) cathode materials, the suitable ratio of [Mn0.54Ni0.13Co0.13](CO3)0.8, LiOH·H2O and Nb2O5 were mixed well with ball milling. Then the compound was sintered at 550 ºC for 6 h, followed by elevated to 900 ºC for 10 h in air to obtain the target cathode materials.
Material characterizations
The chemical composition of Li1.20[Mn0.54Ni0.13Co0.13]0.8-xNbxO2 (x = 0, 0.01, 0.02, 0.03) were monitored by ICP-OES (Inductively Coupled Plasma Optical Emission Spectrometer, iCAP 6000). The micro-structure of Li1.20[Mn0.54Ni0.13Co0.13]0.8-xNbxO2 (x = 0, 0.01, 0.02, 0.03) were measured by Rigaku RINT2400 X-ray diffractometer using Cu Kα radiation. The XRD data was collected in the range of 10º~80º with a step size of 0.01 o and a count time of 5.0s. And the XRD data were refined by Rietveld method using the FULLPROF software. The morphologies of the cathode materials were observed by a scanning electron microscope (SEM, JEOL JSM-6510LV). The valence state of doped Nb 5+ was analyzed by X-ray photoelectron spectroscopy (XPS, Thermo Scientific ESCALAB 250Xi), with Al Kα source at 14.0 kV and 25 mA.
Electrochemical tests
The cathode electrode was prepared according to the mass ratio of cathode active material: acetylene black: PVDF = 8:1:1. Then the prepared cathode, lithium metal as the anode and a micro porous membrane (Celgard 2320) as a separator were assembled in an argon-filled glove box to form the CR2025 coin-type cells. The electrolyte solution was a 1 mol L -1 LiPF6 in ethylene carbonate (EC)/dimethyl carbonate (DMC) solution. The Galvanostatic charge-discharge tests were measured by BTS series battery testing system between 2.0 and 4.8 V at 25℃. Electrochemical impedance spectroscopy (EIS) test was conducted by PARSTAT M2273 electrochemical workstation between 0.01 Hz to 100 kHz with an amplitude of 5 mV. .03). The as-prepared cathodes have mainly been indexed to the typical XRD patterns of the hexagonal α-NaFeO2 structure with the space group R-3m (LiNi1/3Co1/3Mn1/3O2 phase), except for the weak super lattice peaks from 20 º to 25 º , which belongs to the Li2MnO3 phase with the monocline unit cell C2/m [21, 22] . And the obvious splitting peaks of (108)/(110) and (006)/((102) implies that the synthesized cathode materials demonstrate a well layered structure [23] . To further analyze the Li/Ni exchange of all samples, the Rietveld refinement of the diffraction patterns are carried out based on the R-3m space group, and the main structural parameters as a hexagonal setting are demonstrated in Table 2 . It can be seen that the lattice parameters of c and a gradually enlarge with the increase of Nb 5+ doping amounts. And the c/a ratio of all cathodes are larger than 4.98, suggesting the formation of the well layered structure [24] . Besides, the cation mixing between Li + and Ni 2+ due to the similar radius of Li + (0.076 nm) and Ni 2+ (0.069 nm) will influence the structure stability of cathode during cycling [25] . The value of Ni3a/Nitot in Table 2 It demonstrates all cathode particles present the high crystallinity. In addition, with the Nb 5+ doping amounts increasing, the cathode particles sizes will reduce owing to the space steric effect of Nb2O5 [26] , and the less size particles contribute to enhancing the Li + transmission ability and discharge capacity at high rate [27] . To study the chemical valence state of Nb doping element in the cathode, XPS measurement of Nb 3d for Li1.20[Mn0.54Ni0.13Co0.13]0.78Nb0.02O2 has been performed, as is shown in Fig.2(e) . The two main obvious peaks are respectively assigned to Nb 3d3/2 and Nb 3d5/2, suggesting the doping Nb element is at the state of 5+ [27] . The result indicates the Nb 5+ was successfully doped into Li1.20[Mn0.54Ni0.13Co0.13]O2. Table 3 shows that with the Nb 5+ doping amounts increasing, Li1.20[Mn0.54Ni0.13Co0.13]0.8-xNbxO2 (x = 0, 0.01, 0.02, 0.03) deliver the discharge specific capacities of 245.5, 253.0, 267.7 and 258.7mAh g -1 , respectively, corresponding that the initial coulombic efficiency is firstly enhancing from 69.6%, 72.7% to 78.0%, and then decreased to 75.8%. The results indicate that the Nb 5+ doping can effectively suppress the irreversible extraction of Li + and O 2− from the Li2MnO3 and lower the migration of oxygen vacancies for that the bond dissociation energy of Nb-O is stronger than that of M-O (M = Mn, Ni, and Co) [32] , which could restrain the oxygen escape from the Li2MnO3 lattice. Fig.4 shows the discharge capacities of Li1.20[Mn0.54Ni0.13Co0.13]0.8-xNbxO2 (x = 0, 0.01, 0.02, 0.03) at various rates. It can be observed that all cathodes deliver the less and less discharge capacities with the discharge current density increasing owing to the ionic polarization influence [33] . In addition, the cathodes after Nb 5+ doping have demonstrated the obvious enhanced discharge capacities than those of pristine cathode at any rates, as is shown in Notably the pristine cathode decays more rapidly during cycling, and its discharge capacities at the initial and 100th cycles are 179.6 and 153.9 mAh g −1 , respectively, corresponding to the capacity retention of 85.7%, as is seen in Table 5 . While the cathodes after Nb 5+ doping show an enhanced cyclic performance and higher capacity retention. With the Nb 5+ doping amounts increasing, the capacity retentions of Li1.20[Mn0.54Ni0.13Co0.13]0.8-xNbxO2 (x = 0.01, 0.02, 0.03) after 100 cycles firstly enhance and then decrease, and the Li1.20[Mn0.54Ni0.13Co0.13]0.78Nb0.02O2 delivers the optimal cyclic stability. It delivers a discharge capacity of 203.6 mAh g −1 at 1st cycle, and this value could still keep at 188.4 mAh g −1 after 100 cycles with a high capacity retention of 92.5%, much larger than that of the pristine sample. The enhanced cyclic performance for Nb 5+ doped cathodes can be attributed to the high cation order and the stronger binding of Nb-O, which contributes to maintaining the structure stability during cycling [35] . However, when the doping content further enhances (x = 0.03), the cyclic performance of the as-prepared has declined on the contrary for that the excessive doping will lead to an increased cation mixing degree. Fig.6 . All Nyquist plots have been fitted by an equivalent circuit model, as seen in Fig. 6(e) . The intercept of the semicircle in the highest frequency region with the real axis (Z') is related with the ohmic resistance of whole cell (Rs). The semicircle at high-frequency is correlated with the impedance of Li + migration across the SEI film (Rsf). The semicircle in the high to medium frequency is relevance of the charge transfer resistance (Rct). The quasi-straight line in the low frequency corresponds to the impedance of Li + diffusion in the bulk (W) [37, 38] . The fitting resistance values for all samples are shown in Table 7 . In the 1st cycle, the cathodes after Nb 5+ doping have demonstrated the lower values of Rs, Rsf, Rct than those of the pristine one, proving the superior first discharge capacities for the Nb 5+doped cathodes. After 100 cycles, the increase of Rct for all cathodes are relatively large in comparison with the Rsf, implying that the cathode impedance is mainly expressed by the charge-transfer resistance. It can be seen that with the Nb 5+ doping contents increasing, the Li1.20[Mn0.54Ni0.13Co0.13]0.8-xNbxO2 (x = 0.01, 0.02, 0.03) deliver the △Rct values of 330.7, 261.2 and 289.6 Ω, smaller than that (423.0Ω) of the pristine one after 100 cycles. The results indicate that the Nb 5+ doping restrain the increase of charge transfer resistance, and contributing to enhancing the electrochemical properties.
RESULTS AND DISCUSSION
CONCLUSION
A typical carbonate co-precipitation method was adopted to synthesize the Li1.20[Mn0.54Ni0.13Co0.13]0.8-xNbxO2 (x = 0, 0.01, 0.02, 0.03) cathode materials. The XRD results indicated that the synthesized cathodes contain the LiNi1/3Co1/3Mn1/3O2 phase and Li2MnO3 phase. The SEM results showed that the size of the cathode particles decreased with Nb 5+ doping content increasing, contributing to enhancing the discharge performance. The electrochemical tests further verified that the cathodes after Nb 5+ doping demonstrated the superior cyclic performance, rate capacities and less initial irreversible capacity loss than those of the pristine one. Among all samples, the Li1.20[Mn0.54Ni0.13Co0.13]0.78Nb0.02O2 delivered the optimal integrated electrochemical properties. Notably, it showed a high discharge capacity of 111.7 mAh g −1 at 5C high rate, which is larger than 91.1 mAh g −1 for the pristine one. Besides, an enhanced capacity retention of 92.5% after 100 cycles at 0.5C rate was obtained for Li1.20[Mn0.54Ni0.13Co0.13]0.78Nb0.02O2, while the pristine cathode only delivered a capacity retention of 85.7%. The enhanced electrochemical properties for the Nb 5+ doped cathodes could be attributed to the lower cation mixing and less amplification of charge transfer resistance during cycling.
